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We develop for charmed hadron production in relativistic heavy-ion collisions a comprehensive
coalescence model that includes an extensive set of s and p-wave hadronic states as well as the strict
energy-momentum conservation, which ensures the boost invariance of the coalescence probability
and the thermal limit of the produced hadron spectrum. By combining our hadronization scheme
with an advanced Langevin-hydrodynamics model that incorporates both elastic and inelastic energy
loss of heavy quarks inside the dynamical quark-gluon plasma, we obtain a successful description of
the pT-integrated and differential Λc/D
0 and Ds/D
0 ratios measured at RHIC and the LHC. We
find that including the effect of radial flow of the medium is essential for describing the enhanced
Λc/D
0 ratio observed in relativistic heavy-ion collisions. We also find that the puzzling larger Λc/D
0
ratio observed in Au+Au collisions at RHIC than in Pb+Pb collisions at the LHC is due to the
interplay between the effects of the QGP radial flow and the charm quark transverse momentum
spectrum at hadronization. Our study further suggests that charmed hadrons have larger sizes in
medium than in vacuum.
Introduction. – Relativistic heavy-ion collisions pro-
vide a unique opportunity to study the properties of the
color deconfined state of nuclear matter, known as the
Quark-Gluon Plasma (QGP) [1]. Heavy quarks are con-
sidered as a clean probe of the QGP properties since they
are mostly produced in the early stage of nuclear colli-
sions due to the negligible thermal production as a result
of their large masses [2–4]. Extensive studies have been
devoted to the production, evolution and nuclear modifi-
cation of heavy quarks in relativistic nuclear collisions [5–
8]. Recent experiments at the Relativistic Heavy-Ion
Collider (RHIC) and the Large Hadron Collider (LHC)
have shown a non-monotonic transverse momentum (pT)
dependence of the D meson nuclear modification factor
(RAA) at low pT [9] and a large charmed baryon-to-meson
ratio [10–12]. In particular, the observation of a larger
Λc/D
0 ratio in Au+Au collisions at RHIC compared to
that in Pb+Pb collisions at the LHC is an unexplained
puzzle in the field of relativistic heavy-ion collisions.
To understand the above intriguing experimental re-
sults, we develop a comprehensive model for the produc-
tion of heavy quarks and their hadronization to heavy fla-
vor hadrons in high energy collisions. In these collisions,
light hadrons of low pT are known to mainly originate
from the thermal emission of the produced fireball [13–
15], while high-pT light and heavy flavor hadrons and jets
are dominantly produced from the fragmentation of hard
partonic jets [16–19]. For hadrons of intermediate pT,
quark coalescence is believed to be the dominant mech-
anism for their production [20–22]. Various coalescence
approaches have been developed in the past. For models
with simplified assumptions, such as the equal-velocity
coalescence [23] or the coalescence between neighboring
quarks [24], although they can describe some features
of the charmed hadron chemistry, they lack quantitative
calculations of the microscopic coalescence probabilities
as functions of the quark distance in the phase space.
To improve this shortcoming, a resonant recombination
model has been developed in Refs. [25, 26] by connecting
the coalescence probability with the resonant scattering
rate of heavy quarks in the QGP. There is also a coales-
cence model that is based on the wave function projection
and thus contains more detailed information about the
hadron structure as compared to other approaches. Such
an approach was first introduced for understanding light
nuclei production from the coalescence of nucleons [27–
30] and later extensively applied to study the production
of charmed hadrons and hadrons from jets from the coa-
lescence of constituent quarks [31–39].
In this Letter, we develop a comprehensive coales-
cence model that not only includes an extensive set of
s and p-wave hadronic states but also imposes the strict
energy-momentum conservation. The inclusion of p-wave
states allows a proper normalization of the total coales-
2cence probability for zero-momentum charm quarks us-
ing reasonable values of in-medium hadron sizes, which
turns out to be important for understanding the observed
Λc/D
0 ratio. The rigorous 4-momentum conservation
guarantees the boost invariance of the coalescence proba-
bility and the thermal limit of the produced hadron spec-
tra. By combining our new hadronization approach with
the Langevin-hydrodynamics model [40, 41] that simu-
lates elastic and inelastic energy loss of heavy quarks in
a realistic QGP medium, we provide the first simultane-
ous description of the chemical compositions of charmed
hadrons measured at both RHIC and LHC.
The coalescence model. – The momentum distribution
of hadrons produced from quark coalescence is given by
fh(p
′
h) =
∫ [∏
i
dpifi(pi)
]
W ({pi})δ(p′h −
∑
i
pi), (1)
where p′h is the 3-momentum of the hadron, and pi is
that of each constituent quark with i running from 1 to 2
(3) for the produced meson (baryon). The Wigner func-
tion W represents the probability for quarks to coalesce
into the hadron and is calculated from the wave function
overlap between the free quark states and the hadron
bound state.
Assuming the quark wave functions in the meson to
be those of a harmonic oscillator potential, the Wigner
functions for mesons in the s and p-wave states are then
given, respectively, by
Ws = gh
(2
√
piσ)3
V
e−σ
2
k
2
, (2)
Wp = gh
(2
√
piσ)3
V
2
3
σ2k2e−σ
2
k
2
. (3)
In the above, the spatial part of the Wigner function has
been averaged over the volume V , which will be cancelled
by the volume factor associated with the momentum dis-
tribution functions fi of light quarks; gh is the statistical
factor for the spin-color degrees of freedom; k is the rela-
tive momentum between the two constituent quarks de-
fined in their center-of-momentum frame (the meson rest
frame); σ = 1/
√
µω with µ being the reduced mass of the
quark and antiquark in the meson, and ω is the oscillator
frequency, which can be directly related to the meson ra-
dius [31]. The constituent quark masses at the hadroniza-
tion temperature Tc are taken as mu,d = 0.3 GeV for u
and d quarks and ms = 0.4 GeV for s quark. For the
charm quark mass, we take its value to be mc = 1.8 GeV
as suggested by the T -matrix approach that takes into
account the effect due to the confining potential [42, 43].
This coalescence model can be extended to baryon pro-
duction by first combining two quarks and then com-
bining their center-of-momentum with the third quark.
We symmetrize all possible internal configurations of the
baryon by allowing any two of the three quarks to com-
bine first to carry non-zero orbital angular momentum in
the case of baryon formation in the p-wave state.
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FIG. 1: (Color online) Coalescence probabilities of a charm
quark in a static medium of temperature 160 MeV for forming
different charmed hadrons as functions of its momentum.
In contrast to previous works [31, 35, 38], we include in
the present study all s and p-wave hadron states allowed
by the spin-orbit coupling in a full 3-dimensional calcu-
lation, which covers nearly all charmed hadron species
reported in the PDG [44]. Take D0 (cu¯) for instance,
different quark spin combinations (S = 0, 1) allow the
s-wave (orbital angular momentum L = 0) to construct
the states of the total angular momentum J = 0 (D0)
and J = 1 (D∗0). For p wave (L = 1), S = 0 gives
J = 1 (D01), and S = 1 allows J = 0 (D
∗0
0 ), J = 1 (D
∗0
1 )
and J = 2 (D∗02 ). Similar construction is also applied
to three-quark states for baryon formation. To compare
to experimental data, we allow the decay of all D∗0’s to
D0’s, 68% D∗+’s to D0’s and 32% D∗+’s to D+’s. For
other excited states of D0 and D+ whose decay branch-
ing ratios are not clearly measured, we assume them to
be 50% to D0 and 50% to D+. All excited states of Ds
are decayed to Ds. We also let excited states of Λc and
all states of Σc decay to Λc. We only consider the coales-
cence between a single charm quark with thermal light
quarks (u, d and s) in this work. Formation of multi-
charmed hadrons is neglected and may contribute to a
small correction to our result.
In Fig. 1, we present the coalescence probabilities of
charm quarks in a static medium of temperature T =
160 MeV for different charmed hadron species as a func-
tion of the charm quark momentum pc. These proba-
bilities are obtained from integrating the hadron spec-
trum in Eq. (1) by taking the charm quark distribu-
tion as δ(pi − pc) and the light quark distribution as
giV/(e
Ei/T + 1)/(2pi)3 with Ei and gi being the light
quark energy and degeneracy, respectively. In obtaining
these results, we also include the contribution from ther-
mal gluons by converting a pair of thermal gluons, whose
masses are taken to be mg = 0.3 GeV, into a quark-anti-
quark pair gg → qq¯ with equal distributions among u,
3d and s flavors [35, 38]. For the oscillator frequency, its
value is taken to be ω = 0.24 GeV so that the total coa-
lescence probability for a zero-momentum charm quark,
which does not fragment to hadrons, is equal to one when
all s and p-wave charmed mesons and baryons are in-
cluded in the calculation. This value of ω corresponds
to an in-medium radius of r =
√
3/(2µω) = 0.97 fm for
D0, which is larger than its value r = 0.83 fm in vacuum
when ω = 0.33 GeV is used [31, 45]. In principle, differ-
ent oscillator frequencies can be used for different hadron
species. In the absence of theoretical studies of the in-
medium sizes of charmed hadrons, we assume for simplic-
ity the same oscillator constant for all charmed hadrons.
We believe that our approach of tuning the single model
parameter ω to normalize the coalescence probability is
more physically motivated than that in Refs. [26, 35] by
multiplying an arbitrary overall normalization factor to
the Wigner function. Assuming the same oscillator fre-
quency ω does not mean the same sizes for all charmed
hadrons. Here we present the radius of a two-body sys-
tem calculated from its wavefunction. In literature, one
may define the charge radius (or mass radius) of a hadron
by weighing this wavefunction radius with the charge (or
mass) of constituent quarks of a hadron [31, 46]. With
the same ω, Λc has similar charge radius, but larger mass
radius, compared to D+. As shown in Fig. 1, includ-
ing the contribution from p-wave charmed hadrons sig-
nificantly enhance the total coalescence probability of a
charm quark.
With the momentum-dependent charm quark coales-
cence probabilities shown in Fig. 1(b), the hadronization
of charm quarks on the QGP boundary (Tc = 160 MeV)
can be treated by first boosting each charm quark to the
rest frame of the local fluid cell within our Langevin-
hydrodynamics simulation [40, 41] and then determining
the production probability of a selected charmed hadron
from these coalescence probabilities. The momentum of
this charmed hadron is determined from the differential
spectrum given in Eq. (1) and then boosted back to the
global center-of-mass frame of nuclear collisions. Based
on the total coalescence probability given in Fig. 1(b),
charm quarks that do not coalesce with thermal quarks
are fragmented to hadrons via Pythia simulation [47], in
which the default Peterson fragmentation function is uti-
lized. This is referred to as the fragmentation-coalescence
approach.
The long-standing problem in the coalescence model
related to the lack of the energy conservation, which
breaks the boost invariance of the coalescence probabil-
ity, is overcome in the current work by equating the to-
tal energy of the combined quarks to that of the pro-
duced hadron (E′h =
∑
iEi) and then letting it decay
into an on-shell charmed hadron and a pion. Because of
the kinetic energies of coalescing quarks, we rarely en-
counter cases where such decay is not energetically fea-
sible, and they are ignored when this happens. The final
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FIG. 2: (Color online) Energy spectra of D0 mesons produced
from the coalescence of thermal charm quarks in a static
medium of temperature 160 MeV with crosses and circles de-
noting, respectively, results obtained with and without the
4-momentum conservation. The dashed line is a parametriza-
tion of the thermal distribution.
energy and momentum (Eh, ph) of each charmed hadron
is determined by the corresponding 2-body decay pro-
cess based on its initial energy and momentum (E′h, p
′
h)
from Eq. (1). This setup guarantees the 4-momentum
conservation and preserves the boost invariance.
Figure 2 shows the D0 energy spectrum obtained from
calculations using the Maxwell-Boltzmann distribution
at T = 160 MeV, i.e., e−E/0.16 GeV, for both charm and
light quarks energy spectra. It is clearly seen that the
D0 energy spectrum from our improved coalescence ap-
proach (pluses) follows a Maxwell-Boltzmann distribu-
tion at same temperature (blue dashed line). This is in
contrast with the result from earlier models without en-
ergy conservation (circles), which only follows the shifted
thermal distribution at this temperature in the high en-
ergy region (above 6 GeV), where the hadron binding
energy can be neglected, but shows deviations at low en-
ergies. We have verified that the same conclusion holds
for Ds and Λc. Note that while the energy-momentum
conservation improves the thermal equilibrium limit of
the coalescence model, i.e., the energy dependence of
the Maxwell-Boltzmann distribution, the chemical equi-
librium limit is not required by the sudden approxima-
tion of the model. Thus, there exists a normalization
factor of the hadron yield when comparing the exponen-
tial parametrization with the charmed hadron spectra in
Fig. 2.
Charmed hadron chemistry. – For charm quark pro-
duction in relativistic heavy-ion collisions, we employ
the advanced Langevin-hydrodynamic model developed
in Refs. [40, 41]. In this work, the momentum distribu-
tion of heavy quarks produced in the initial hard scat-
terings is obtained from the FONLL calculation [48–50]
using the parton distribution function CT14NLO [51] for
free proton and EPPS16 [52] for nuclei. In FONLL, we
use the current charm quark mass 1.3 GeV for their pro-
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FIG. 3: (Color online) Transverse momentum spectra of D0
and Λc in 0-10% Au-Au collisions at 200 GeV (normalized
to one charm quark) from different hadronization processes:
coalescence (dash-dotted), fragmentation (dashed), and both
(solid). Results with (lower panel) and without (upper panel)
the QGP flow effects are compared.
duction, and set both renormalization and factorization
scales as the charm quark transverse mass. The central
values of the EPPS16 parametrization are adopted for
the nuclear shadowing effect. The initial spatial distribu-
tions of both heavy quarks and the entropy density of the
QGP medium in heavy-ion collisions are obtained from
the Monte-Carlo-Glauber model. An improved Langevin
model, which takes into account both elastic and inelas-
tic energy loss of heavy quarks propagating through a
(2+1)-dimensional viscous hydrodynamic medium [53–
55], is then used to calculate the nuclear modification of
heavy quarks. This Langevin approach has only one free
parameter, the spatial diffusion coefficient Ds by con-
vention. A good description of the RAA of both heavy
flavor mesons and their decayed leptons can be obtained
with the values Ds(2piT ) = 3.5 for RHIC and 4 for the
LHC [56]. The systematic uncertainties in various model
components, such as the initial charm quark spectra and
the temperature dependence of the diffusion coefficient,
have been discussed in detail in Ref. [56].
Charm quarks from the Langevin-hydrodynamic
model at the Tc = 160 MeV hypersurface of the QGP
are converted into different species of charmed hadrons
using our new fragmentation-coalescence approach. As
shown in Fig. 3, the hadron chemistry is sensitive to the
collective flow of the QGP, i.e., heavier hadrons experi-
ence a stronger boost (or gain more transverse momen-
tum) from the medium flow than lighter hadrons. These
can be clearly seen by comparing the D0 and Λc spec-
tra from full simulations in central Au-Au collisions at
RHIC between with (lower panels) and without (upper
panels) the presence of the QGP flow. One sees that the
radial flow of the QGP pushes the dominance of coales-
cence over fragmentation to higher pT region. With the
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FIG. 4: (Color online) Comparison of the pT-integrated
Λc/D
0 ratio (a), the pT-differential Λc/D
0 ratio (b) and the
pT-differential Ds/D
0 ratio (c) with the STAR data [10, 57]
in 200 GeV Au-Au collisions.
presence of the medium flow, the coalescence contribu-
tion dominates the production of D0 up to 5 GeV and
Λc up to 8 GeV, thus directly affecting the Λc/D
0 ratio
up to 8 GeV. Our result is consistent with the findings
presented in Refs. [35, 38] where a simplified parametriza-
tion of the medium flow was implemented. We note that
the so-called space-momentum correlation suggested in
Ref. [26] is automatically included in our current and
previous studies, because the local temperature and flow
information of the surrounding fluid naturally enters the
hadronization process of heavy quarks in our model.
Figure 4 shows the Λc/D
0 and Ds/D
0 ratios at RHIC
from our model. As shown in Fig. 4(a), the pT inte-
grated ratio of Λc/D
0 (from 3 to 6 GeV) increases with
the participant number of heavy-ion collisions due to the
stronger radial flow of the QGP in more central collisions.
This ratio is significantly reduced if the medium flow is
switched off during the hadronization process, consistent
with our finding in Fig. 3 that Λc gains more transverse
momentum from the medium flow than D0 does due to
its much larger mass. Shown in Fig. 4(b) is the pT dif-
ferential ratio of Λc/D
0, which is greatly enhanced by
the coalescence process as compared to the result from
applying fragmentation alone. Our study also indicates
that there is certain difference between results for the
two centrality bins of 0-10% and 10-80%. Comparing
the central collision results to the 10-80% centrality data
as in many theoretical studies in the literature is thus ex-
pected to give misleading conclusions. We calculate the
charmed hadron spectra in a wide centrality region (e.g.
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FIG. 5: (Color online) Comparison of the Λc/D
0 and Ds/D
0
ratios between 200 GeV Au-Au collisions at RHIC [10] and
5.02 TeV Pb-Pb collisions at the LHC [12].
10-80%) according to 〈dNh/dpT〉 = ΣcP (c)dN (c)h /dpT,
where P (c) = N
(c)
bin/ΣcN
(c)
bin is the probability of find-
ing heavy quark events in a given smaller centrality bin
“c”, with N
(c)
bin being the binary collision number within
this bin. Using only one average medium profile for the
large centrality bin would lead to a much smaller nuclear
modification effect. Figure 4(c) shows the Ds/D
0 ratio,
which is also significantly enhanced by the coalescence
process as a result of the combined effects of the larger
Ds mass than D
0 and the enhanced strangeness produc-
tion in a thermal medium compared to that in the vac-
uum fragmentation. We note that the result from using
only the Pythia fragmentation deviates from the mea-
sured Λc/D
0 ratio in proton-proton collisions [58] below
pT ∼ 7 GeV. And the default Peterson fragmentation
function in Pythia does not distinguish between differ-
ent charmed hadron species yet and also gives a steeper
D meson spectra in vacuum than expected. However,
since the production of charmed hadrons in this pT range
from nucleus-nucleus collisions is dominated by the co-
alescence of charm quarks with quarks in the QGP as
shown in Fig. 3, the inaccuracy of Pythia should have
a minor impact on the charmed hadron chemistry pre-
sented in this work. We will leave the fine tuning of the
Pythia fragmentation to an upcoming effort.
In Fig. 5, we compare the Λc/D
0 and Ds/D
0 ratios
between RHIC and the LHC. Since the radial flow of the
QGP is much stronger in Pb+Pb collisions at the LHC
than in Au+Au collisions at RHIC, one would naively ex-
pect to observe a larger value of Λc/D
0 ratio at the LHC
than at RHIC, which is, however, opposite to what has
been observed in experiments. This puzzling observation
can, however, be naturally explained by the competition
between the QGP flow and the charm quark pT spec-
trum. As shown in Fig. 5(a) by the dotted line, a much
larger Λc/D
0 ratio would have been obtained if one uses
the initial pT spectra of charm quarks from RHIC for
their evolution through the QGP medium produced at
the LHC. On the other hand, the harder charm quark pT
spectrum at the LHC suppresses the QGP flow effect thus
yields a smaller Λc/D
0 ratio. We observe in Fig. 5(b) a
similar but smaller effect for the Ds/D
0 ratio.
Summary. – We have developed a comprehensive
coalescence-fragmentation approach for studying heavy
quark hadronization in heavy-ion collisions. Both s and
p-wave charmed hadron states, which are sufficient to
cover all major charmed hadron states reported in PDG,
have been included in our coalescence model. We have
found that the inclusion of p-wave states enhances the
total coalescence probability of charm quarks. It is also
necessary for a full 3-dimensional calculation to normal-
ize the charm-QGP coalescence probability at zero mo-
mentum using reasonable in-medium sizes for charmed
hadrons. In our new coalescence model, a strict 4-
momentum conservation has been implemented by first
forming the off-shell excited hadron states and then let-
ting them decay into the ground state charmed hadrons,
which guarantees the boost invariance of the coales-
cence probabilities for producing charmed hadrons and
the thermal limit of their energy spectra. By com-
bining our new hadronization approach with the up-to-
date FONLL+EPPS16 initial spectra of charm quarks
and their nuclear modification through the advanced
Langevin-hydrodynamics model, our state-of-the-art cal-
culation has provided a simultaneous description of the
pT-integrated and differential Λc/D
0 and Ds/D
0 ratios
at both RHIC and the LHC. We have also found that
the interplay between the QGP flow and the charm
quark transverse momentum spectrum is essential for de-
scribing the final charmed hadron chemistry in heavy-
ion collisions, especially the puzzling observation of a
larger Λc/D
0 ratio at RHIC than at the LHC. Our study
has further suggested that the sizes of charmed hadrons
should be larger in medium than in vacuum, which is
qualitatively consistent with the findings in Ref. [59] and
may be further tested by hadronic model calculations in
the future.
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